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Refrigerating units operating with cascade cycles are considered a convenient solution in terms of safety and cost 
for applications demanding very low temperatures. The principle behind the cascade system relies on connecting 
two compression cycles via an intermediate heat exchanger and its theoretical performance justifies experimental 
trials. 
The aim of the present work was to quantify the performance of a cascade refrigeration cycle using CO2 in the LTS 
and R404a in the HTS cycle. From the experimental data obtained an optimization procedure is performed using the 
Response Surface Methodology (RSM). Response surface methodology is able to identify the influence of each 
input variables to the output variables, which in this case are the coefficient of performance and the energy absorbed 
by the compressor at different working condition. The surfaces obtained are then used for a multi-objective 
optimization for the identification of those working conditions that guarantee the maximization of the coefficient of 




In industrial applications, the cascade refrigeration cycle is useful when low temperatures (i.e. below 233.15 K) are 
required (Stoecker, 2008). Cascade system consists of two separate refrigeration cycles, one working at a higher 
temperature and the other at a lower temperature. The condenser in the low-temperature stage (LTS) is cooled by the 
evaporator in the high-temperature stage (HTS). The conventional cascade system often relies on R13 and R23 as 
refrigerants. Due to the heavy environmental impact of these two fluids, however, several natural refrigerants, e.g. 
carbon dioxide, ammonia and hydrocarbons, have recently been considered for use in cascade refrigeration systems  
(Zha et al, 2002; Taylor, 2002; Pearson, 2003). 
Numerous experimental investigations on the thermo physical properties of natural refrigerants are appearing in the 
literature. Amongst the natural refrigerants, carbon dioxide (CO2 or R744) is one of special interest because it is 
non-flammable and it has a low toxicity and a low Global Warming Potential (GWP). The main drawback lies in its 
high pressures at normal boiling temperature and its high melting temperature, which result in a lower temperature 
limit for its use as a refrigerant. 
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The validity of the cascade cycle has recently been extended to temperatures between –30°C and -40°C by using 
carbon dioxide as the low-stage refrigerant (Di Nicola et al, 2004). This enables the high-temperature-circuit 
refrigerant (e.g. ammonia) to be confined to a proper machine room, while the safer low-temperature refrigerant is 
sent to evaporators around the factory. This is a very interesting application for the food industry, where 
temperatures between -18°C and - 35°C are often needed (Tassou, 2008). 
The statistical techniques of RSM, is a useful tool for the identification and optimization of the variables that most 
influence a real process (Baş and Boyaci, 2007). The generic relationship between a set of variables and defined 
response is reported in equation (1). 
 
  (1) 
 
  (2) 
 
where Y represents the response and  f  represents the relationship between the response Y and the variables. The first 
step of the optimization procedure is the identification of the variables that most influence the cascade cycle. These 
variables are then correlated together using two different second–degree polynomial expression, as listed in equation 
(2), for the correlation of the experimental data with the coefficient of performance and the energy absorbed by the 
compressors. Starting from the response surface obtained a constrained multi-objective optimization is performed, 
for the identification of those configurations that guarantee the minimization of the energy adsorbed and the 
maximization of the coefficient of performance. The multi-objective optimization is performed using the 
evolutionary algorithm NSGA-II (Deb et al., 2000). NSGA-II can identify a Pareto frontier with efficiency, is a fast 
and elitist multi-objective evolutionary algorithm, which tasks a sorting of the individuals of a given population, 
according to the level of non-domination. This methodology uses an approach based on elitism and preserving, 
where the elitism consists in storing all the non-dominated solutions found so far, beginning from the initial design. 
This elitism enhances the convergence properties towards the best Pareto array. NSGA-II adopts a mechanism of 
parameter-less diversity preservation where the spread of solutions is guaranteed even without sharing parameters. 
In fact, diversity in the spread is maintained by a sharing function method, used to assign fitness to each individual. 
This means that the algorithm uses the crowding distance, in order to estimate the density of solution, and the 
crowded comparison operator, to obtain a uniformly spread Pareto frontier. NSGA-II allows both continuous (”real-
coded”), and discrete (”binary- coded”) design variables, which have respectively a Base equal to 0 and a Base equal 
to a positive integer. Thus, it provides the decision maker with a complete illustration of the optimal solution space.  
  
2.THE EXPERIMENTAL CASCADE SYSTEM 
 
2.1 Hardware configuration 
The basic layout of the cascade refrigeration system considered is illustrated in Figure 1. This system is enbloc with 
a separate evaporator, installed in air treatment unit. The fluid in the HTS is R404A, while the low-temperature 
cycle was tested with R744.  
The condenser in the HTS and the intermediate condenser/evaporator consist of shell and tube heat exchangers. The 
high temperature fluid flows in the copper tubes, while the low temperature condensing fluid flows in the shell. 
The crossflow evaporator in the LTS comprises two copper tubes with fins distributed in 12 rows 32.5 mm apart. 
Each tube has Dint = 11.3 mm, Dext = 12 mm, th = 0.35 mm, L = 24 m. The channel for the airflow is 35% smaller 
than the free cross-section because of the presence of the tubes. The heat exchanger surface area on the air side is 
11.3 m2, including the surface area of the fins. The heat exchanger surface area on the refrigerating side is 1.7 m2. 
The evaporator is connected to an insulated chamber containing electrical heating elements, which are used to 
simulate the thermal load. 
The test temperature inside the chamber is controlled by a PID, which regulates the thermal load of the electrical 
resistances in order to have a constant middle value of the temperature. Moreover, changing the value of the 
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Figure 1: Basic layout of cascade system. 1. HTS Compressor; 2. HTS Condenser; 3. HTS Thermostatic valve; 4. 
Condenser\Evaporator; 5. HTS Liquid trap; 6. LTS Compressor; 7. LTS Manual valve; 8. LTS Evaporator; 9. LTS 
Liquid trap; 10. Regenerator; 11. Expansion tanks; 12. Test Chamber 
 
A thermostatic throttle valve with a liquid liquid-charged bulb capable of operation between – 40°C and + 10°C and 
up to a pressure of 34 bar was used in HTS. For the LTS circuit we opted for an electronic thermostatic expansion 
controlled by a PID, and NTC temperature probe and a pressure sensor.  
Two expansion tanks were included in the LTS circuit to reduce the pressure that would come to bear on the 
components during stoppages, in order to avoid the risk of exceeding the calibration pressures of the safety valves. 
 
Table 1 Compressors technical data 
 
 HTS Compressor LTS Compressor 
Type Frascold Q 4.25-Y Frascold A 2.5-4K 
Bore 54.00 mm 34.00 mm 
Stroke 31 mm 25 mm 
No. of cylinders 4 2 
Displacement 24.94 m3/h 4.04 m3/h 
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Table 2 Operating points with CO2 as the fluid in the LTS 
 
EXP ID TEV-LTS [°C] TC-HTS [°C] SHLTS [°C] SHLTS [°C] TC-LTS [°C] TEV-HTS [°C] COP PABS [kW] 
1 -44.16 53.19 8.53 7.81 -9.60 -12.59 1.23 5.92 
2 -43.73 53.66 7.98 7.88 -9.18 -12.28 1.25 5.96 
3 -43.93 53.41 8.93 7.56 -9.51 -12.56 1.23 5.93 
4 -43.47 54.19 8.51 7.89 -8.78 -11.87 1.24 6.04 
5 -39.87 54.52 14.66 7.86 -10.09 -12.68 1.07 5.85 
6 -39.21 54.46 13.51 7.87 -10.20 -12.73 1.08 5.87 
7 -38.58 52.61 13.99 7.42 -11.92 -14.75 1.10 5.62 
8 -38.62 52.20 14.11 7.27 -12.33 -15.32 1.12 5.57 
9 -44.49 53.97 7.14 7.79 -10.17 -12.83 1.02 5.85 
10 -44.96 53.94 7.60 7.86 -10.21 -12.76 1.02 5.84 
11 -45.03 53.35 7.89 7.68 -10.69 -13.49 1.02 5.76 
12 -45.31 53.53 6.65 7.81 -10.65 -13.20 1.02 5.79 
13 -47.20 49.02 9.30 8.23 -14.01 -16.57 1.12 5.25 
14 -47.36 49.42 8.13 7.85 -13.39 -16.47 1.11 5.34 
15 -46.07 50.22 8.31 7.91 -12.80 -15.53 1.10 5.45 
16 -45.65 50.43 7.25 8.01 -12.56 -15.42 1.10 5.49 
17 -49.84 46.87 6.80 6.78 -16.76 -20.00 1.05 4.96 
18 -51.43 46.03 5.61 7.95 -18.34 -20.84 1.08 4.78 
19 -51.41 46.18 3.23 7.42 -18.12 -20.81 1.09 4.82 
20 -51.80 45.58 5.26 7.97 -18.79 -21.24 1.08 4.72 
21 -51.71 45.48 3.39 6.91 -18.76 -21.52 1.06 4.74 
22 -50.88 48.88 5.89 7.34 -16.39 -19.22 1.45 5.07 
23 -50.83 49.72 2.23 6.08 -15.47 -18.57 1.44 5.16 
24 -51.77 42.94 4.78 7.53 -19.93 -22.53 1.29 4.64 
25 -51.34 43.75 2.02 7.35 -18.89 -21.98 1.28 4.77 
26 -51.42 43.62 5.05 7.77 -19.45 -21.84 1.33 4.69 
27 -51.00 44.08 2.16 7.26 -18.53 -21.60 1.29 4.80 
28 -52.64 42.14 0.67 6.73 -20.21 -23.92 1.12 4.59 
29 -52.77 41.79 0.46 6.63 -20.56 -24.27 1.13 4.56 
30 -52.48 42.19 0.86 6.73 -20.15 -23.85 1.13 4.61 
31 -52.66 41.95 0.56 6.64 -20.36 -24.13 1.13 4.57 
32 -53.01 43.23 1.42 7.25 -20.65 -23.27 1.20 4.60 
33 -52.55 43.99 0.29 7.18 -19.62 -22.51 1.20 4.67 
34 -52.44 44.09 0.50 7.12 -19.64 -22.33 1.20 4.69 
35 -52.35 44.27 -0.14 7.11 -19.37 -22.18 1.20 4.73 
36 -41.44 54.81 16.55 7.73 -12.55 -14.90 0.88 5.59 
37 -41.86 52.38 16.20 7.30 -13.56 -16.38 0.93 5.51 
38 -45.81 46.59 3.46 7.24 -16.47 -20.04 1.05 5.17 
39 -47.82 45.51 2.52 7.33 -17.65 -20.99 1.04 5.05 
 
2.2 Data acquisition system 
Temperature and pressure transducers were inserted along the circuit to study the cascade system. Temperature 
measurements were taken with copper-constantan T thermocouples inserted in copper pockets welded to the tubing. 
Moreover, the sump was flooded with silicone oil to prevent frost formation. The pressures were measured using 
piezoresistive pressure transducers and extensimeter transducers.  The sensors were connected to a terminal block 
SCXI 1303 by National Instruments.  In addition to recording temperatures, pressures and the power absorbed by the 
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compressors, a data acquisition system was implemented using LABVIEW 7i. This data acquisition system can also 
calculate the enthalpies and flow rates, giving the cooling powers of the high- and low-temperature cycle, the 
coefficient of performance of the high and low-temperature cycle and of the system, the isentropic and volumetric 
efficiencies of the compressor in the HTS and LTS. 
 
2.3 System operation 
At system start-up, only the high-temperature cycle start working, while the low temperature cycle is enabled 
automatically when its pressure drops below a given threshold. When the low-temperature cycle cuts in, the hot 
gases are partially diverted through the expansion tanks in order to avoid the sudden rise in delivery pressure 




When the system starts, normally the temperature inside the chamber was higher than the checked one by PID 
controller. Only when the temperature reaches this value, the thermal load started in order to balance the cooling 
power of the low temperature cycle and to stabilize the average value of the temperature. The setting values of the 
temperature were -20 °C, -24°C, -25°C, -30°C, -40°C varying also the thermal load from 1.37 kW to 3.35 kW. 
We charged the system with 2.00 kg of R744 in the LTS and 4.00 kg of R404A in the HTS. Problems relating to the 
achievement of high working and transient pressures obliged us to close partially the compressor’s intake valve in 
LTS. Progressively reducing the evaporating pressure, we gradually reopened the valve. The experimental results 
obtained are listed in table 2.  
Starting from the experimental results obtained, and defined like variables that reported in table 2, except for the 
COP and PABS; the regression coefficients were calculated. After the regression coefficients were obtained, the 
estimated responses could be easily calculated. The capacities of estimation of these two surfaces are tested using 
the equation (3), and the results obtained for each response are reported in figure 2. 
 
  (3) 
 
  
Figure 2 Response surface methodology absolute deviations 
 
The average deviations for each response are very low and below the 0.8 % for the COP and below the 0.1 % for the 
Pabs. Starting from these two surfaces is possible to start the optimization procedure, using the evolutionary 
algorithm NSGA-II.  
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Figure 3 Pareto Frontier 
 
The outcome of optimization is a set of solutions representing the Pareto frontier (Ghosh and Tsutsui, ), witch is 
given in Fig 3. With this Pareto frontier is possible to identify that configurations with the best compromise between 
the maximization of COP and minimization of the energy absorbed by the compressors. The configurations 
identified with the best compromise between COP minimization and energy absorbed is reported in table 2. 
 
Table 3 Working parameters of the optimized configuration 
 
TEV-LTS [°C] TC-HTS [°C] SHLTS [°C] SHHTS [°C] TC-LTS [°C] TEV-HTS [°C] 
-49.8 49 9 7 -10 -17.4 




Based on a series of experimental test performed on a cascade cycle an optimization procedure is been proposed. 
The optimization procedure was based on the identification of two different response surface methodologies, 
required to describe the relationship among the variables, relative to the cascade cycle, and the coefficient of 
performance and the electrical energy absorbed by the compressors. From these two surfaces, using NSGA-II 
algorithm, a multi-objective optimization is performed. From the optimization is possible to identify configurations 
of the variables that guarantee the minimization of the energy absorbed and the maximization of the coefficient of 




COP coefficient of performance   Subscripts 
LTS low temperature stage  i, j variables 
HTS high temperature stage  EV evaporation 
p pressure (bar) C condensation 
P compressor electrical energy (kW) ABS absorbed 
T temperature (°C) EXP experimental  
SH superheating (°C) CALC calculated  
D diameter (mm)    
th thickness (mm)    
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